The rising global epidemic of diabetic nephropathy (DN) will likely lead to increase in the prevalence of cardiovascular morbidity and mortality posing a serious burden for public health care. Despite greater understanding of the etiology of diabetes and the development of novel treatment strategies to control blood glucose levels, the prevalence and incidence rate of DN is increasing especially in minority populations including Mexican-Americans. Mexican-Americans with type 2 diabetes (T2DM) are three times more likely to develop microalbuminuria, and four times more likely to develop clinical proteinuria compared to non-Hispanic whites. Furthermore, Mexican-Americans have a sixfold increased risk of developing renal failure secondary to T2DM compared to Caucasians. Prevention and better treatment of DN should be a high priority for both health-care organizations and society at large. Pathogenesis of DN is multi-factorial. Familial clustering of DN-related traits in MAs show that DN and related traits are heritable and that genes play a susceptibility role. While, there has been some progress in identifying genes which when mutated influence an individual's risk, major gene(s) responsible for DN are yet to be identified. Knowledge of the genetic causes of DN is essential for elucidation of its mechanisms, and for adequate classification, prognosis, and treatment. Self-identification and collaboration among researchers with suitable genomic and clinical data for meta-analyses in MexicanAmericans is critical for progress in replicating/identifying DN risk genes in this population. This paper reviews the approaches and recent efforts made to identify genetic variants contributing to risk for DN and related phenotypes in the Mexican-American population.
Introduction
Diabetic nephropathy (DN) is a progressive microvascular complication of diabetes in which patients exhibit persistent proteinuria, hypertension, renal failure, and increased morbidity and premature mortality largely as a result of cardiovascular disease. Diabetes has now become the most common cause of end-stage renal disease (ESRD) necessitating dialysis or renal transplantation. Diabetes accounts for *55 % of patients treated for ESRD each year, including dialysis and renal transplantation and is anticipated to reach 70 % by 2015 [1] . Given the overwhelming burden of DN worldwide, it is of particular importance to understand the pathogenesis of DN and to identify new therapeutic approaches which alone or in combination with standard therapy have the potential to prevent or delay its progression thereby improving kidney and patient survival. Despite more aggressive treatment of diabetes, the incidence and prevalence rates of kidney disease continue to increase in a subset of the population suggesting that a subgroup of patients remain at high risk for kidney disease in diabetes. Furthermore, marked racial variation has been observed in the prevalence and familial aggregation of DN with high rates in minority populations including MexicanAmericans (MA) [2] .
MA represent the largest and fastest growing minority population in the US and constitutes *66 % of US Hispanics [3] . The MA population has a greater prevalence of type 2 diabetes (T2DM) and associated complications compared with non-Hispanic whites [4] . MA with T2DM lose renal function at a faster rate than African Americans and non-Hispanic whites [5] . MA have 6.1 times higher incidence of treatment for ESRD than non-Hispanic whites and T2DM accounts for 93 % of ESRD cases in MA [6] . The incidence rate of ESRD is rising in the Hispanic population and Texas has the highest number of MA patients with ESRD. The higher incidence of ESRD in MA combined with an increased incidence over time and longer survival after ESRD onset, indicate that this ethnic group will comprise a large portion of diabetic ESRD in the future and predict an increasing burden to healthcare, if prevention measures are not instituted in this population [7] . Although the higher incidence of DN in MA may be due to differences in access to healthcare, and prevalence of modifiable lifestyle risk factors, ethnic variation in inherited predisposition to DN is also considered as an important factor. Understanding and identifying susceptibility genes underlying the pathogenesis of DN and related traits may help explain the ethnic differences in triggering the defective allele with differential disease risk and guide preventive and therapeutic efforts in MA. The aim of this review is to provide an overview of the recent efforts and findings on the genetic determinants of DN and related phenotypes such as changes in albumin-to-creatinine ratio (ACR) and estimated glomerular filtration rate (GFR) in the MA population.
Over the last decade, both the dichotomous (DN) and quantitative (ACR, GFR) linkage and the genetic association approaches have been successfully applied to detect genes underlying the development of DN in MA as part of several large epidemiological studies including the Family Investigation of Nephropathy and Diabetes (FIND), San Antonio Family Diabetes/Gallbladder Disease (SAFDGS), San Antonio Family Heart Study (SAFHS), and the National Health and Nutrition Examination Survey III (NHANES III). Of many strategies available to decipher the genetic architecture of DN, primarily genome-wide linkage, candidate gene, and mapping by admixture linkage disequilibrium (MALD) analysis have been adopted in these MA cohorts.
Heritability of DN phenotypes in MA
Heritability is a measure of a trait's variability due to genetic factors and is estimated using the phenotypic correlations between relatives in families. Heritability estimates of ACR and GFR in MA ranged from 0.24 to 0.27 and 0.21 to 0.52, respectively [8] [9] [10] [11] , and are similar in magnitude to heritability estimates reported in other populations [12] [13] [14] . These data indicate that ACR and GFR are heritable in MA, and it is reasonable to screen for QTL influencing these traits.
Genome-wide linkage scan for DN in MA
Genome-wide linkage scan is employed to identify genetic regions co-segregating with DN and related traits in MA families utilizing hundreds of evenly spaced genetic markers such as microsatellites/SNPs. A major advantage of this approach is that it provides the potential benefit of explaining a larger proportion of the heritability of disease or traits of interest.
FIND is a multicenter study designed to identify and characterize susceptibility genes influencing both dichotomous (DN) and quantitative (ACR and GFR) traits in four ethnic groups that includes European Americans, African Americans, Native Indians and MA. Patient recruitment and data collection procedures of FIND are published elsewhere [15] . In brief, FIND is predominantly a sibling pair study. Families of probands with DN having a diabetic sibling with or without nephropathy were recruited.
Using 404 microsatellite markers genotype information on 397 full sibling pairs including 225 MA sib pairs, suggestive evidence for linkage of DN was observed on chromosomes 7q21.3, 10p15.3, 14q23.1, and 18q22.3 after accounting for sex effects [16] . The linkage findings are in concordance with the previous reports for the presence of DN susceptibility genes on chromosomes 7q, 10p, and 18q [17] [18] [19] . However, linkage scan only in MA participants failed to identify a genetic region significantly linked to DN. Subsequently, Igo et al. [20] performed a genomewide linkage scan for DN susceptibility loci in the FIND study using the genotypic data of 5,500 SNPs (Illumina panel IV) on 1,623 subjects from 1,235 nuclear and extended pedigrees that included 632 subjects from 478 pedigrees of MA participants. DN trait was adjusted for sex. While the genome scan identified a suggestive linkage of DN to a genetic region on 7p (LOD = 1.81) across all four populations, chromosome 11p15 was found to be linked (LOD = 2.2) to DN only in MA participants. A fine mapping of the 11p15 region should help identify the causal variants for DN susceptibility in MA participants of the FIND study. [16] . However, linkage analysis failed to identify a chromosomal region significantly linked to ACR only in MA participants examined. Subsequently, using the genotypic data of 5,500 SNPs and the ACR data of 1,316 MA participants of the FIND study, Igo et al. [20] identified a suggestive evidence for linkage of ACR with a LOD score of 2.29 (p = 0.00058) occurring on chromosome 22q12 near the nonmuscle myosin heavy chain 9 (MYH9)/apolipoprotein L1 (APOL1) gene region. Age and sex were used as covariates. The 22q chromosomal region was reported to be linked with ACR in European Caucasians who participated in the Joslin T2DM study [13] . In addition, several epidemiological studies have reported a significant association between the genetic variants of MHY9/APOL1 and ESRD and focal segmental glomerulosclerosis in African Americans [21] [22] [23] [24] [25] . Fine mapping of the 22q12 region should help to identify causal variants influencing ACR in MA participants of the FIND study.
Genetic variants influencing ACR are being investigated in MA participants of the SAFDGS cohort. The MA family members recruited for the SAFDGS and the data collection procedures used were reported previously [26] . In brief, probands of SAFDGS were low income MA with T2DM, and all 1st, 2nd, and 3rd degree relatives of probands were invited to participate in the study. Utilizing the genotypic data of 379 microsatellite markers and ACR data available on 335 MA subjects from 27 SAFDGS families, a quantitative ACR linkage scan was performed by variance component analytical tools implemented in the program SOLAR. This genome scan identified the strongest evidence for linkage of ACR occurring on human chromosome 15q12 (LOD = 3.1) at the GABRB3 marker region after accounting for age and sex as covariates [21] . The LOD score of 3.1 dropped down slightly, when hypertension (LOD = 3.0) and diabetes (LOD = 2.5) were included as additional covariates. Of the positional candidate genes located within the linkage interval on 15q12, the tight junction protein 1 (TJP1) and gremlin 1 (GREM1), were further investigated for DNA sequence variants that may contribute to the linkage of ACR. However, the DNA sequence variants examined from TJP1 and GREM1 genes failed to exhibit significant association with ACR indicating that the genetic variants examined in these two loci do not play a major role in regulating ACR levels in MA recruited for the SAFDGS [27, 28] .
A susceptibility gene search for ACR has also been conducted in another independent cohort of MA who participated in the SAFHS cohort. SAFHS family member recruitment and a variety of metabolic, hemodynamic, anthropometric, and demographic data collection procedures from more than 40 extended families were described previously [29] . Probands and family members were randomly recruited for the SAFHS from a census tract in San Antonio of low-income MA regardless of preexisting medical conditions. SAFHS was established to identify and characterize genes influencing cardiovascular disease-risk factors. We performed a linkage scan to localize the genetic region harboring susceptibility genes for ACR utilizing 404 microsatellite marker information and the urinary ACR data available (N = 486; 26 families) in a subset of MA participants of the SAFHS. After accounting for the covariate effects of age, sex, BMI, triglycerides and systolic blood pressure (SBP), suggestive evidence for linkage of ACR was found to localize on chromosome 20q12 (LOD score of 3.1) near marker D20S481. The LOD score increased to 3.5 after including hypertension status as covariate for SBP, but it decreased to 2.8 when diabetes status was replaced for SBP [30] . We subsequently repeated the linkage scan in a larger sample size of 848 participants including the 486 subjects who participated in the original ACR linkage scan [30] . Interestingly, linkage of ACR in a larger sample size was also observed localizing in the same marker region on 20q12 with a LOD score of 2.94 after accounting for the covariate effects of age, sex, BMI, blood pressure medication and diabetic duration [10] . Shike et al. [31] mapped a QTL for albuminuria in a diabetic mouse model to a chromosomal region that is syntenic with the region on human chromosome 20q12. In addition, genome scans have linked the 20q12 region with T2DM [32, 33] . Potential positional candidate genes located on 20q12 include hepatocyte nuclear factor 4alpha (HNF4A), a transcription factor and a regulator of wide range of metabolic processes. Dysfunction of HNF4A is associated with maturity-onset diabetes of young I and DN [34, 35] . Taken together, fine mapping of 20q12 region is clearly needed to validate and narrow down the candidate interval to enable identification of causative genes influencing ACR levels.
Genome-wide linkage scan for GFR in MA
Equations that estimate GFR facilitate the diagnosis, evaluation and management of chronic kidney disease (CKD). GFR varies between individuals and is influenced by genetic and environmental factors (T2DM) and their interactions. Because eGFR is a continuous trait, its use as an intermediate endo-phenotype in genetic studies has the advantage to offer more precision and more information about CKD severity than the threshold-defined CKD stages. Both the quantitative linkage and the genetic association approaches in MA cohorts (FIND/SAFDGS/ SAFHS) have been applied to identify QTL influencing GFR variability.
Schelling et al. [11] used the GFR estimates derived from the Modification of Diet in Renal Disease (MDRD) equation and the genotypic data of 404 microsatellite markers on 507 MA subjects in the QTL influencing eGFR levels in the FIND study. After accounting for the effects of diabetes duration and angiotensin converting enzyme inhibitor/angiotensin receptor blocker use, suggestive evidence for linkage of eGFR localized on chromosomes 1q43 (LOD = 3.8), 2p13 (LOD = 3.0), 7q36.1 LOD = 4.2), 8q21.3 (LOD = 4.0) and 18q23 (LOD = 2.1) [11] . The 18q23 region was previously reported to be linked with DN in the FIND study [9] . Several studies have also reported an association between DN and the genetic variants of the carnosine dipeptidase 1 (CNDP1) gene located on 18q23 [36] . Refining the 18q23 linkage region would help identifying causal variants for eGFR/DN in the FIND participants.
In an attempt to localize genes influencing changes in GFR in MA participants of the SAFDGS, we estimated renal function using both the Cockcroft-Gault (creatinine clearance) and the MDRD (eGFR) formulae [9] . While, both estimates of renal function exhibited significant heritability, only the creatinine clearance showed significant genotype and diabetes (GxT2DM) interaction effects in our population [9] . Subsequently, we performed a multipoint 382 microsatellite marker linkage scan on both measures of renal function (creatinine-clearance and eGFR) available on 453 subjects using models that did not include G 9 T2DM interaction effects (Model 1) and that included G 9 T2DM interaction effects (Model 2) after adjustment for the trait-specific covariates effect (Creatinine clearance = diabetes, diabetes duration, SBP, and antihypertensive medication; eGFR = diabetes, diabetes duration, SBP, antihypertensive medication, and BMI). Linkage of creatinine clearance identified a region on chromosome 2q35-37 near the markers D2S1363-D2S427 for both models. However, the significant LOD score of 3.3 was obtained from model 2 which accounted for the interaction influences [9] . In addition, suggestive evidence for linkage of both creatinine clearance (LOD = 2.9) and eGFR (LOD 2.6) was found to occur only for Model 1 (without G 9 T2DM interaction) on chromosome 9q21 between markers D9S922 and D9S1120. Our findings suggest that the genes located on 2q and 9q could differentially influence renal function in diabetic and nondiabetic environments in MA participants of the SAFDGS [9] .
Of the positional candidate genes located within the 2q35-37 region, insulin receptor substrate 1 (IRS1) was screened for genetic variants. Of 19 variants that we identified and genotyped within the IRS1 gene, Bayesian quantitative trait nucleotide analysis indicated the presence of strong association between the Gly(972)Arg variant of IRS1 and creatinine clearance. The Gly(972)Arg variant contributed to 26 % of the linkage signal on 2q. Expression of the IRS1 mutant Arg972 in human mesangial cells (MC) significantly reduced insulin-stimulated phosphorylation of IRS1 and Akt kinase. Carriers of Arg972 had significantly decreased renal function values [37] . A potential mechanism by which the Arg972 variant of IRS1 contributes to decline in renal function is by impaired insulin receptor (IR)/IRS1 signaling in renal MC and afferent arteriolar microvascular smooth muscle cells (VSMC), major regulators of GFR [37] . Alteration or loss of contractile activity due to impaired insulin signaling in MC/VSMC by Arg972 may lead to alteration in glomerular hemodynamics and glomerular injury thereby favoring the decreased renal function. Together, we speculate that the Gly(972)Arg variant is one of the functional variants influencing renal function in the IRS1 or is in linkage disequilibrium with major functional variant(s) flanking IRS1 [37] . Fine mapping of 2q35-37 and 9q21 regions would eventually identify causal variants influencing renal function in MA participants of the SAFDGS.
GFR susceptibility loci have also been investigated in the SAFHS cohort. Utilizing eGFR and the genotypic data (417 microsatellite markers) available on 848 subjects from the SAFHS, genome scan identified the strongest evidence for linkage of eGFR to chromosome 9q21 near the marker D9S922 with a LOD score of 3.9 [26] . It is interesting to note that linkage of eGFR in the SAFDGS cohort was also localized to the same 9q21 region [9] . Most importantly, a recent Genome-wide association study (GWAS) in Europeans identified a GFR susceptibility locus on 9q21 [38] . Taken together, the available data from both genome-wide linkage and association studies from two ethnically diverse populations provide evidence for the existence of eGFR susceptibility loci on chromosome 9q21. Potential positional candidate genes located within the 9q21 GFR linkage interval include the transient receptor potential (TRP)M3, TRPM6 and the solute carrier (SLC)28A3 genes. Fine mapping of 9q21 region in both SAFDGS and SAFHS cohorts are essential to identify causal variants influencing variation in eGFR.
Biological candidate
Genetic variants in engulfment and cell motility 1 (ELMO1) and CNDP1 were reported to be associated with DN in European Americans, African Americans, Asians, and American Indians [36, [39] [40] [41] . Carnosinase degrades carnosine (b-alanyl-L-histidine), which has been ascribed a renal protective effect as a scavenger of reactive oxygen species. ELMO-1 is known to be involved in fibrogenesis, inducing the profibrotic TGFb and matrix synthesis. We therefore examined whether the genetic variants reported to be associated with DN in the CNDP1 and ELMO1 loci are also associated with DN in MA who participated in the mapping by MALD study, an integral case-control study design of the FIND (FIND-MALD). The tagging SNPs selected from 8 candidate genes including CNDP1 and ELMO1 were genotyped in 455 cases (T2DM patients with nephropathy) and 437 controls (T2DM patients without nephropathy). Although our association analysis failed to replicate an association between genetic variants of CNDP1 and ELMO1 and DN, a novel association between a SNP pair involving rs2146098 and rs6659783 from the hemicentin 1 (HMCN1) gene and DN was identified in MA participants of the FIND-MALD study [42] .
Genes involved in the regulation of blood pressure, endothelial function, anti-oxidants and lipid metabolism were investigated as potential susceptibility candidate genes of DN-related traits in MA participants of the SAFDGS and SAFHS. Genes encoding components of the renin-angiotensin-aldosterone system (RAAS) have received special attention, due to the central role of this system in regulating blood pressure, sodium balance and renal hemodynamics. Candidate genetic variants of RAAS components such as the insertion/deletion polymorphisms of angiotensin converting enzyme I (ACE-I/D), the M235T variant of angiotensinogen (AGT-M235T), and the A1166C polymorphism of angiotensin II type 1 receptor (AT1R-A1166C) genes have been extensively associated with cardiovascular-renal disease risk in many studies [43] . When these three candidate polymorphisms of RAAS components were examined for their association with ACR and GFR in SAFGDS and SAFHS cohorts, only the AGT-M235T polymorphism exhibited a nominal association with GFR values in SAFHS after accounting for the effects of diabetes, duration of diabetes, blood pressure measures and antihypertensive medications [44, 45] . The results suggest that the RAAS candidate polymorphisms examined do not have a major effect on the DN-related phenotypes in the SAFDGS and SAFHS participants.
Endothelial dysfunction is strongly associated with the development and progression of DN. Of the genes involved in endothelial function, the eNOS gene encoding endothelial nitric oxide synthase gained attention as it regulates nitric oxide production in the endothelium. Candidate genetic variants of eNOS such as the T-786C (rs2070744), Glu298Asp (rs1799983), and 27 bp variable number of tandem repeats (27 bp-VNTR-a/b) polymorphisms of eNOS are thought to alter nitric oxide production and contribute to the development of vascular and renal disease risk [46] . We examined the effect of these three polymorphisms on individual's susceptibility to variation in ACR and GFR in SAFDGS and SAFHS participants. While the association analysis failed to find an association between the examined eNOS polymorphisms and ACR and GFR in SAFDGS, the 27 bp-VNTR-a/b variant exhibited a modest association with ACR after accounting for the trait specific covariate effects in SAFHS subjects [47, 48] . Overall, the data suggest that the genetic variants examined at the eNOS locus do not influence variation in ACR/GFR in SAFDGS and SAFHS participants.
Anti-oxidative and anti-atherogenic activities of the paraoxonase (PON) family genes have been documented. Alteration of paraoxonase 2 (PON2) enzyme activity due to genetic variations in the PON2 gene [Arg148Gly (rs11545942); Cys311Ser (rs7493); an intronic variant A/C (rs12794795)] is thought to influence the development of oxidative stress thereby contributing to the pathophysiology of microvascular complications of diabetes [49] . Investigation of these three candidate polymorphisms at the PON2 gene in both SAFDGS and SAFHS cohorts indicated only a nominal association between Cys311Ser and ACR levels in SAFDGS suggesting that the variants examined at the PON2 locus do not play a major role in variation in ACR and GFR levels in these cohorts [50, 51] Genetic variants influencing changes in ACR and eGFR levels have also been investigated in MA participants as part of a large epidemiological study the NHANES III, a population-based and nationally representative survey of the US population. Ned et al. [52] recently examined whether selected 60 candidate polymorphisms within 27 inflammatory response genes are associated with ACR in 1570 MA participants from the NHANES III. While, a variant (rs1143623) residing within the interleukin 1b (IL1b) gene exhibited a significant association with the dichotomous trait albuminuria (odds ratio of 1.46; CI 1.28-1.67), variants residing within IL1b (rs1143623), C-reactive protein (CRP; rs1800947) and NOS3 (rs2070744) were also found to be nominally associated with quantitative ACR C30 mg/g in NHANES III study [52] .
Apolipoprotein E (ApoE) is known to play a central role in lipid metabolism. The lipid profiles or atherogenic factors are, in part, determined by three common isoforms (E2, E3, E4) encoded by three alleles (e2, e3, e4) in exon 4 of the APOE gene. The e2 allele of ApoE has been associated with an increased risk of DN [53] . Chu et al. [54] investigated whether the e2/e4 alleles of APOE are associated with measures of renal function in 1,656 MA participants from the NHANES III. Association analysis failed to find a statistically significant association between APOE variants and renal function estimated either by MDRD or CKD Epidemiology Collaboration (CKD-EPI) equations.
Admixture mapping for DN susceptibility loci in MA
Because the prevalence and incidence of disease risk differs among ethnic groups, admixture mapping is considered as a powerful tool to localize genetic regions containing ancestry-linked traits when the distribution of the susceptibility genes is different among the founding populations. It uses a set of ancestry-informative markers (AIMs) with large allele frequency differences in the two parental populations to effectively identify genetic variant(s) that distinguish the two parental groups and cosegregate with the disease [55] . Admixture mapping has been successful in identifying genetic risk loci influencing non diabetic-ESRD [21] .
Because MA are an admixed population, a genome wide SNP panel of 8,144 AIMs was recently developed to distinguish the chromosomal segments of MA and Amerindian and European ancestries [56] . Subsequently, a genome-wide admixture mapping was conducted to localize DN susceptibility genes using a subset of 4,300 AIMs generated from the 1,154 MA participants of the FIND-MALD study comprised of 664 cases (T2DM with nephropathy) and 490 controls (T2DM without nephropathy). After accounting for the effects of covariates age, sex, diabetes duration, and recruitment site, ADMIXMAP identified significant evidence for linkage of DN occurring on 2q36.3-37.1 with a Z score of 4.3 (p = 1.45 9 10 -5) [55, 56] . Suggestive evidence for linkage of DN was also observed on 1p35, and 14q32 in FIND-MALD. Potential positional candidate genes located on 2q36-37 include Delta-and-Notch-like EGF-related receptor (DNER) and IRS1. The chromosomal region 2q36 harboring IRS1 was previously reported to be linked with eGFR in MA participants of the SAFDGS [9, 37] . Fine mapping of 2q36 region followed by a demonstration of biological relevance are required to ascertain the significance of the findings in MA participants of the FIND-MALD. Table 1 summarizes the localization of genetic regions that may harbor susceptibility genes for DN (2q36, 11p15; FIND), ACR [(15q12; SAFDGS), (20q12; SAFHS), (22q12; FIND)], and renal function [ (1q43, 2p13, 7q36.1,  8q13.3, 18q23; FIND) , (2q36, 9q21; SAFDGS), 9q21; SAFHS)] in the MA cohorts examined. As expected for a complex trait, multiple linkage peaks have been observed for DN and related traits in MA participants. Disappointingly, there is very little overlap in the detected loci between different studies and related traits. This may be due to heterogeneous study populations, differences in methods and statistical modeling strategies, pedigree structures recruited, ascertainment criteria, definitions of DN and measurement of kidney function, diabetes duration, and covariates used for analysis (Table 1) .
Concluding remarks
While the functional relevance of most of the linkage findings needs to be established and replicated, genetic regions suggestively linked with DN, ACR and GFR within MA cohorts suggest that multiple loci may be linked with DN and its contributing phenotypes. Genes that regulate dichotomous trait (DN) may differ from those controlling quantitative traits (ACR and eGFR). In addition, genes regulating eGFR may differ from those controlling ACR. However, suggestive evidence for a shared genetic association was also detected for DN phenotypes in the MA cohorts. For example, variation in eGFR was found to be linked to chromosome 9q21 in two independent MA cohorts; SAF-DGS [9] and SAFHS [10] . The chromosomal region 2q36 linked to DN in the FIND-MALD study [57, 58] was also found to be linked with eGFR in SAFDGS [9] . Furthermore, QTL influencing eGFR, serum creatinine, and creatinine clearance were linked to chromosome 9q21 in SAFHS cohort suggestive of localization of a common gene(s) on 9q21 that may regulate albuminuria and renal function-related traits [10] . Linkage of eGFR on 18q22 in MA participants of the FIND study is consistent with linkage peaks in genome scans for DN in European American [18] and African American [19] populations, as well as the FIND linkage scan for a composite DN phenotype [16] . Although, identification of genes independently regulating DN phenotypes as well as a possible gene co-regulating these traits located within linkage peaks that replicate between multiple studies are needed, linkage results emanating from these reports on DN and related phenotypes represent a first step toward improving our knowledge of the mechanisms underlying genetic susceptibility to DN phenotypes in MA.
Genetic variants examined at the biological candidate genes for their association with DN phenotypes have yielded conflicting results within MA or in other ethnic groups. Absence of major effect observed between DN phenotypes and the candidate variants residing within ELMO1, CNDP1, APOE, RAS, eNOS, and PON2 may be related to ethnic differences in their frequencies, genetic heterogeneity, coupled with study design flaws such as population stratification, sample sizes lacking statistical power, use of confounding variables, and evaluation of inadequate numbers of polymorphisms in genes to determine their true involvement. However, genetic variants investigated and their frequencies observed in MA cohorts may contribute to future meta-analyses validating these polymorphisms. Furthermore, ethnic differences in gene frequencies may assist in the search to identify causal genes within and across populations.
Future direction
To accelerate the gene discovery process, high throughput scanning of MA families followed by replication in other population should eventually permit identification of causal variants influencing DN phenotypes within the loci identified. GWAS have recently emerged as a novel technology to identify common risk variants ([5 % MAF) for complex traits and diseases. However, the functional relevance of these common variants identified thus far is largely unknown. Such observations have led to concepts of 'missing heritability' and 'synthetic associations', highlighting the role of rare causal variants (\5 % MAF) that are undetectable using the current GWAS [59] . Next generation exome sequencing was subsequently introduced as a complementary approach to GWAS with the possibility of identifying rare coding variants with large effects. Such exome sequencing efforts has helped creation of large database of low frequency variants allowing researchers to evaluate these variants as candidate genetic determinants of DN. Advances in exome sequencing have now set the stage for applying whole-genome sequencing (WGS) to identify rare causal variants to facilitate clinical diagnosis and personalized disease-risk profiling of individuals. WGS in a large pedigree is the current frontier of hereditary disease. Large pedigrees with multiple affected subjects or subjects with extreme values are enriched with multiple copies of rare variants providing statistically significant evidence for both co-segregation and the effect of those variants [60] . Furthermore, the use of large pedigrees with multiple affected subjects is homogeneous and better than using a combination of multiple smaller pedigrees.
Taken together, WGS in large MA pedigrees with multiple affected subjects is very crucial at this stage to search for rare variants that co-segregate and have a substantially higher likelihood of representing risk allele for DN phenotypes. The SAFHS and SAFDGS cohorts are comprised of multigenerational pedigrees of MA descent. SAFHS participants represent 45 pedigrees with up to 171 individuals in a pedigree, across 5 generations [61] . Similarly, SAFDGS represent 39 pedigrees with up to 66 individuals in a pedigree across five generations [62] . A variety of metabolic, hemodynamic, anthropometric, and demographic variables are available from both cross-sectional and longitudinal data collected for these extended large pedigrees of MA. While, few patients in these cohorts have DN, WGS in these pedigrees would help to identify gene(s) influencing changes in GFR and ACR. Recruitment of new large multinuclear/extended families with multiple DN subjects is costly. Since the FIND cohort is comprised of sibpairs with and without DN [15] , extending this cohort to include all relatives may be cost effective and would represent an excellent utilization of resources for the future WGS in MA.
Consideration must be given to other sources of variation including gene-gene, and gene-environment interactions as well as copy number variation, in addition to improving statistical methods addressing lack of power, phenotypic and population heterogeneity and multiple testing. Nonetheless, phenotypic data should be subjected to the same level of quality control as genotypic data, because poorly defined phenotypes lead to loss of power and inability to replicate findings. A new estimate of GFR was recently validated by CKD-EPI formula in the MA participants of the NHANES study [63] . Inker et al. [64] have recently demonstrated that GFR estimated using a combined creatinine-cystatin C (GFR-Cre-CysC) equation performed better than equations based on either of these markers alone. Therefore, eGFR may be recalculated using CKD-EPI/GFR-Cre-CysC formulae in MA cohorts to validate the findings. In all cohorts, ACR, and eGFR were determined based on a single random sample collection, although validation with serial measures would be ideal.
Finally, emerging evidence from animal models and tissue culture experiments suggests that the complex interplay of epigenetic factors interacting with genes and environment play a critical role in susceptibility to DN [65] . Future studies are required to elucidate the role of epigenetic modification in human DN. Methods should be developed to identify more efficient ways to combine data from sources such as GWAS/WGS, epigenetics, and gene expression to successfully identify and characterize DN susceptibility genes.
In conclusion, identification of novel diagnostic and better prognostic markers for the prevention and better treatment of DN in the MA population and in other ethnic groups should be a high priority for both health-care organizations and society at large. Genetic approaches and statistical methods together with the examined DN phenotypes have contributed considerably to our understanding of the genetic basis of DN in MA. The results of linkage and association analyses obtained within MA cohorts will be valuable complements to the analyses of future WGS data that together should accelerate identification of causative genes for DN phenotypes. Better understanding and awareness of the disparities of DN risk genes by race and ethnicity may further help clinicians and public health professionals to develop culturally sensitive interventions, prevention programs, and services specifically targeted toward risk burdens in MA population. With the existing knowledge and the development of robust and novel high throughput technologies, we envision promising innovative therapeutic potential in a near future for this devastating complication of diabetes.
